Pichia kudriavzevii, synonymously known as Issatchenkia orientalis, is an anamorph of Candida krusei [15] . P. kudriavzevii has been isolated from food sources, such as sourdoughs [17] and fermented products [19] . In recent years, P. kudriavzevii has been described as a stress-tolerant, robust organism with tolerance to low pH, high salt concentrations, and high temperatures [3, 12, 14, 16, 24] . Despite these desirable characteristics, an efficient vectorhost system comparable to that in S. cerevisiae has not yet been developed for P. kudriavzevii, which hinders engineering of this prominent yeast for industrial applications. In this study, we isolated an AUR1 gene from P. kudriavzevii, and the functionality of the cloned PkAUR1 gene was verified by phenotypic assay and site-directed mutagenesis. P. kudriavzevii (KCTC 17763) and S. cerevisiae BY4742 [MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-∆63 his3-∆020 leu2-∆1] were used in this study. Escherichia coli TOP10 (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used for plasmid DNA preparation and was routinely grown at 37°C in LB medium (0.5% bacto-yeast extract, 1% bacto-tryptone peptone, and 1% NaCl) supplemented with 100 µg/ml ampicillin (Sigma Chemical Co., St Louis, MO, USA). P. kudriavzevii was grown in YEPD (1% bacto-yeast extract, 2% bacto-proteose peptone, and 2% glucose) at 30°C, and genomic DNA was prepared from cells in the exponential growth phase as described previously [20] .
Degenerate oligonucleotide primers (Table 1) were designed on the basis of the core regions FGYMNL and TMYLTH, which are conserved in fungal Aur1s [7] , and used to obtain a PCR product with an approximate size of 350 bp. The amplified fragment was cloned into the pTOP TA V2 vector (Enzynomics, Daejeon, Korea) and sequenced. The complete open reading frame (ORF), untranslated upstream region, and terminator region were sequenced by genomic walking using the DNA Walking SpeedUp Kit (Seegene, Seoul, Korea).
E. coli cells were transformed as described previously [22] . Plasmid DNA was purified using the AccuPrep Plasmid Mini Extraction Kit (Bioneer, DaeJeon, Korea). Nucleotide and protein sequence similarity searches were performed using the Web-based BLAST program at the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/blast). Multiple amino acid sequence alignment was performed using San Diego Supercomputer Center (SDSC) Biology Workbench (http:// workbench.sdsc.edu/). The theoretical molecular mass of the protein was calculated with the ExPaSy Compute pI/ Mw tool (http://web.expasy.org/compute_pi/).
A fragment that included the entire PkAUR1 ORF and the regions 304 bp upstream and 274 bp downstream was amplified by PCR with primers listed in Table 1 , digested with the XbaI and HindIII restriction enzymes, and inserted into the LEU2-marked plasmid pRS315 (ATCC 77144, 6.02 kb) to construct the plasmid pME1331 (8.0 kb). Sitedirected mutagenesis was performed using the GeneArt Site-Directed Mutagenesis PLUS Kit (Invitrogen, Carlsbad, CA, USA) and primers shown in Table 1 . S. cerevisiae and P. kudriavzevii were transformed by the lithium acetate method [4] . S. cerevisiae cells carrying plasmids were grown in synthetic complete medium lacking leucine (SC-Leu − ).
P. kudriavzevii transformants were selected on YEPD plates supplemented with AbA (0.5 µg/ml). Overnight cultures of S. cerevisiae and P. kudriavzevii transformants harboring plasmids pRS315 (vector), pME1331 (pRS315-PkAUR1), pME1356 (pRS315-PkAUR1 F166Y), pME1373 (pRS315-PkAUR1 G249C), and pME1374 (pRS315-PkAUR1 F166Y G249C) were diluted with sterile water to an A 600 of 0.2. Five-fold serial dilutions of S. cerevisiae cell suspensions were spotted onto SC Leu − plates and SC Leu − plates supplemented with AbA (0.5 µg/ml). Suspensions of transformed P. kudriavzevii were spotted onto YEPD plates supplemented with AbA. The plates were incubated at 30°C and cell growth was assessed after 2 days. Two degenerate PCR primers (Table 1) targeting the regions conserved in AUR1 genes were designed on the basis of an alignment of published fungal Aur1s [7] . Alignment of the deduced amino acid sequence with those of fungal AUR1 homologs suggested that the amplified gene product contains a sequence conserved in a fungal AUR1s. Therefore, we named the identified gene PkAUR1. To Isolate the 5' and 3' regions of the PkAUR1 gene by genome walking, six primers were designed on the basis of its sequence (Table 1 ). The entire nucleotide sequence of the PkAUR1 gene, including approximately 300 bp of the 5' and 3' untranslated regions, was obtained, assembled, and 
deposited in GenBank (Accession No. KP729614).
A putative TATA box, TATANA [10] , was located 67 bp upstream of the ATG start codon, and the putative polyadenylation signal sequence AATAAA (consensus AATAAAA) [8] was found 76 bp downstream of the TAA stop codon. Analysis of the nucleotide sequence indicated that the PkAUR1 gene does not have introns and consists of an ORF of 1,443 bp encoding a putative 480-amino-acid polypeptide. The estimated molecular mass and pI of this protein are 54.3 kDa and 5.7, respectively. Three conserved domains of Aur1s, DhhnWxxYxxxHxxxP-(x 54-57 )-YxxxGxxx GLxRxD-x 18 , FGAxPLSHn, and YxxxxxanTMYLxHHYxx DbxxGxxxn (neutral amino acid; a, aromatic amino acid; b, branched amino acid; h, hydrophobic amino acid; x, any amino acid; n, symbols for motifs) [7] , were found. Amino acid sequence alignment revealed that P. kudriavzevii Aur1 shared considerable sequence identity with other fungal Aur1s (Fig. 1) . The highest sequence identity was observed with Aur1s of Spathaspora passalidarum (41.7%), followed by those of S. cerevisiae (41.1%), Candida tropicalis (39.5%), Candida maltosa, and Komagataella pastoris (38.7%).
The AUR1-C gene isolated from an AbA-resistant mutant of S. cerevisiae confers AbA resistance, useful for selection of transformants [5] . Alignment of S. cerevisiae Aur1 and Aur1-C proteins revealed that they differ at 158 codon and 240 codon, indicating that tyrosine at 159 codon and cysteine at 240 codon in AUR1-C might play critical roles in AbA resistance [5, 6] . Since Aur1 from AbA-sensitive Sch. pombe also has Tyr158, it was suggested that tyrosine at this position alone does not confer resistance to AbA.
Hashida-Okado et al. [6] reported that Cys240 is responsible for the resistance of Sch. pombe to AbA. Accordingly, based on the alignment of deduced amino acid sequences, we expected that phenylalanine at 166 codon and glycine at 249 codon of P. kudriavzevii Aur1 corresponding to 158 codon and 240 codon, respectively, in S. cerevisiae and Sch. pombe Aur1 might contribute to sensitivity to AbA. Indeed, wild-type PkAUR1 expressed from a centromeric vector pRS315 did not confer AbA resistance in S. cerevisiae (Fig. 2B) , and P. kudriavzevii transformed with PkAUR1 did not survive on YEPD-AbA plate (Fig. 2C) . Glycine at 249 codon in P. kudriavzevii Aur1 was replaced with cysteine by site-directed mutagenesis to examine whether this substitution would confer resistance to AbA. This replacement did not alter the sensitivity of S. cerevisiae to AbA (Fig. 2B) . Thus, additional site-directed mutagenesis was performed to change from phenylalanine to tyrosine at the 166 codon in P. kudriavzevii Aur1. As shown in Fig. 2 , S. cerevisiae transformants harboring PkAUR1 Y166F G249C were resistant to AbA, indicating that the presence of both tyrosine and cysteine is critical for AbA resistance. Similarly, PkAUR1 Y166F G249C expressed from the pRS315 vector in P. kudriavzevii also conferred resistance to AbA. However, P. kudriavzevii transformed with other vectors, PkAUR1, PkAUR1 F166Y, and PkAUR1 G249C, did not grow in the presence of AbA.
In conclusion, the inositol phosphoceramide synthase gene related to resistance to the antibiotic AbA was successfully isolated from P. kudriavzevii. The functionality of the mutated version of the cloned PkAUR1 gene was confirmed by phenotypic assay using S. cerevisiae and P. kudriavzevii. Thus, a new marker gene to engineer the stress-tolerant yeast P. kudriavzevii is now available.
